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MinireviewPolar Explorers: Membrane
Proteins that Determine
Division Site Placement
the ATPase activity is required for proper division site
placement.
MinE is a topological specificity factor for MinC and
MinD. In the absence of MinE, MinC and MinD are dis-
tributed diffusely around the periphery of the cell, show-
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ing no preference for polar or central positions (Hu andFarmington, Connecticut 06030
Lutkenhaus, 1999; Raskin and de Boer, 1999a; Rowland
et al., 2000). However, the membrane localization pat-
tern of MinC and MinD is dramatically changed whenThe ability to place the division site at a specified posi-
minE is also expressed. MinC and MinD move to onetion within the cell is a fundamental property of most
end of the cell to form a membrane-associated polarliving organisms. One important factor in division site
zone that extends from the end of the cell to a positionplacement in both eukaryotic and prokaryotic cells is
near midcell (Figure 1g). At approximately the same time,the positioning of daughter chromosomes. This plays
the membrane-associated MinE assembles into a ring-an important role in determining the normal placement
like structure that is localized at or close to the medialof the division septum between the two progeny chro-
edge of the MinCD polar zone, while the remainder ofmosomal complements, which are usually positioned at
the membrane-associated MinE assembles into a polareither side of midcell. In addition, studies in bacteria
zone at the same end of the cell as the MinCD polarhave revealed a second mechanism to ensure that divi-
zone (Figure 1a). It is not known whether assembly ofsion only occurs at the midpoint of the cell. This second
the E-ring and polar zone are coupled or whether assem-mechanism is exemplified by the min system of E. coli.
bly of one structure precedes the other.
The min system acts as a negative regulatory element
The presence of MinC at a single cell pole as de-
that restricts septation to the midcell site by preventing
scribed above does not explain the ability of the MinC
formation of division septa at other sites within the cell.
division inhibitor to block aberrant septation events at
Important advances in recent years have provided a
both poles. This apparent paradox is explained by the
growing understanding of the site-specificity function
remarkable ability of the membrane-associated MinC
of the min system, revealing a far more dynamic process (together with MinD) to oscillate rapidly from one pole
than originally appreciated. The paper by Hu and Lut- to the other (Figures 1g–1l) (Hu and Lutkenhaus, 1999;
kenhaus (2001) in the June issue of Molecular Cell adds Raskin and de Boer, 1999a, 1999b). The rate of oscilla-
important new insight into the molecular mechanism tion is influenced by the cellular MinE/MinD ratio and
used by the min system to ensure proper placement of by growth conditions, but generally occurs with a peri-
the division site. odicity of less than 90 s so that the MinCD polar zone
The MinCDE System undergoes many oscillations during each division cycle.
The three Min proteins—MinC, MinD, and MinE—carry As a result, each pole is free of MinCD for a relatively
out different functions (for additional references see short period of time before the next wave of MinCD
Rothfield et al., 1999). MinC is an inhibitor of septation returns to reassemble the polar zone. This unexpected
that acts by preventing the tubulin-like FtsZ protein from phenomenon, discovered by Raskin and de Boer
forming a stable cytokinetic ring, the first known step (1999b), is likely to explain the ability of the MinC division
in formation of the prokaryotic division machinery (Hu inhibitor to block division at both poles, based on the
et al., 1999; Justice et al., 2000). However, the MinC assumption that the length of time that the polar sites
division inhibitor lacks site specificity when expressed are free of the division inhibitor during each oscillatory
in the absence of MinD and MinE. As a result, when cycle is too short to permit formation of a stable FtsZ
expressed at high levels in the absence of MinD and ring. MinE plays a central role in these events, being
MinE, MinC not only blocks septation at aberrant sites required for formation of the oscillating MinCD polar
near the cell poles but also prevents septation at the zones.
normal midcell site. Both MinD and MinE are needed to The original observation that the E-ring was located
give site-specificity to the MinC division inhibitor. near midcell suggested that the only role of MinE might
MinD is a peripheral membrane protein that acts as be to prevent the division inhibitor from acting at midcell.
a membrane assembly protein for both MinC and MinE. However, recent studies have shown that the E-ring is
MinD can associate with the membrane in the absence not fixed at midcell, but is a mobile structure (Fu et al.,
of the other Min proteins (Raskin and de Boer, 1999b; 2001; Hale et al., 2001). The E-ring first appears near
Rowland et al., 2000), whereas the membrane associa- midcell and then moves progressively toward the near-
est pole (Figures 1a and 1b) with concomitant shrinkagetion of MinE (Raskin and de Boer, 1997) or MinC (Hu and
of the MinD and MinE polar zone (and presumably, alsoLutkenhaus, 1999; Raskin and de Boer, 1999a) requires
the MinC polar zone) (Figures 1b and 1h). Although thecoexpression of minD. MinD is an ATPase. Mutations
analogy is unlikely to be literally true, the E-ring resem-that alter its nucleotide binding domain lead to a minicell-
bles a piston that compresses the polar zone to the ending phenotype (de Boer et al., 1991), suggesting that
of the cell. It is not known whether MinC, MinD, and
MinE are associated with each other within the polar
zone, although this is not unlikely because of the parallel3 Correspondence: lroth@neuron.uchc.edu
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Figure 1. Dynamic Behavior of Membrane-Associated Min Proteins
The assembly, disassembly and pole-to-pole oscillation of MinE (a–f, red) and MinD (g–l, blue) are shown. MinC (not shown in the figure)
undergoes pole-to-pole oscillation in parallel with MinD although the details of the assembly and disassembly of the MinC polar zones are
not yet known in as much detail.
(c and f) The question marks indicate that the relative timing of formation of the E-ring and MinD polar zone is not known.
behavior of the three proteins. When the ring and polar bolic energy which is likely to be coupled to the assem-
bly and/or disassembly of the polar zones. It is veryzones approach the end of the cell, they disappear and
likely that the energy input is linked, at least in part, toreappear at the opposite end of the cell (Figures 1d and
the ATPase activity of MinD. The immediate challenge1j) to undergo a similar cycle of displacement, dissolu-
is to understand how the utilization of the energy of thetion, and reassembly. This repetitive cycle results in
-phosphoryl bond of ATP is coupled to the membranethe oscillatory movement of the polar zones and E-ring
assembly and disassembly events that are responsiblebetween the two ends of the cell.
for MinCDE function.The fact that the polar zone begins to disassemble
Hu and Lutkenhaus have provided important new in-near midcell and that the disassembly then progresses
formation about this process by showing that MinE isto the pole means that the time-averaged concentration
an activator of the MinD ATPase (Hu and Lutkenhaus,of the MinC division inhibitor is lowest near midcell.
2001). Interestingly, the activation only occurs in theThis provides an attractive mechanism to explain the
presence of phospholipid vesicles, implying that theestablishment of the division site at midcell (Raskin and
MinE-dependent activation of the MinD ATPase occursde Boer, 1999a). In this view, the midcell site is chosen
at the membrane level. As discussed below, this likelybecause all other potential division sites are blocked by
represents a key biochemical link in the events thatthe presence of the MinC division inhibitor.
underlie this oscillatory system.MinD and MinC molecules that are released from the
The fact that MinD polar zones do not form in thepolar membrane appear to move through the cytoplasm
absence of MinE implies that MinE plays an essentialto form a new polar zone at the other end of the cell
role in the assembly process, whereas the fact that the(Raskin and de Boer, 1999b; Hu and Lutkenhaus, 1999).
rate of oscillation is affected by the MinE/MinD ratioIt is not known whether MinE also moves through the
suggests a role for MinE in the disassembly process.cytoplasm or whether it remains membrane-associated
The MinE activation of MinD ATPase and/or nucleotide
during the oscillation process. Although the possibility
binding activity could play a role in either process.
of an active translocation mechanism cannot be ex- Assembly of Polar Zones
cluded, diffusion of the Min proteins through the cyto- We consider two models to explain polar zone assembly.
plasm or lateral diffusion within the membrane would Model 1. In this scheme, the assembly of the polar
both be sufficiently rapid to account for the rates of zone occurs by a self-assembly process. Assembly of
movement observed, based on the known diffusion the MinD polar zone appears to begin at the end of the
rates of other proteins of similar size. cell and then advance toward midcell (Figures 1i–1j, and
To understand this oscillatory system at the molecular 1l–1g), prompting the suggestion that the initial MinD-
level, it will be necessary to answer the following ques- membrane interaction occurs at the extreme tip of the
tions. (1) What is the mechanism of assembly of the cell and that this sets in motion a sequence of events that
MinCDE polar zones at the ends of the cell and the E-ring leads to formation of the polar zone (Hu and Lutkenhaus,
near midcell, and what is the molecular organization of 2001). After binding to a site at or near the pole, the
the polar zones and E-ring? (2) What causes the periodic bound MinD would act as a nucleation center for the
release of the Min proteins from their polar sites? And assembly of a continuous MinD structure that ultimately
(3) what causes the released molecules to bind to the extends from cell pole to midcell. The idea that MinD
opposite cell pole instead of rebinding to the same end can act as a self-associating system is compatible with
of the cell? the cooperative kinetics of the MinD ATPase reaction
(Hu and Lutkenhaus, 2001).The oscillation reaction will require the input of meta-
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It is clear that the polar zone cannot be a coherent oscillate in the presence of minE mutations that appear
to interfere with formation of the E-ring but do not pre-two-dimensional MinD lattice that covers the entire inner
surface of the cytoplasmic membrane at one end of the vent association of the mutant MinE with the membrane
around the periphery of the cell (Raskin and de Boer,cell since there are only about 3,000 molecules of MinD
per cell (de Boer et al., 1991), sufficient to cover less than 1997; Rowland et al., 2000). If this is correct, it suggests
that membrane-associated MinE may be able to carry5% of the inner surface of the cytoplasmic membrane in
1/2 of the cell (see Endnote). If the polar zone repre- out this function without being assembled into a ring
structure.sented a size-limited two-dimensional lattice structure,
the lattice could be no more than 15 molecules wide in An important unanswered question concerns the
mechanism whereby the MinE-activated ATPase activityits average dimension if it extended from pole to midcell.
If, instead of a two-dimensional lattice, the self-associa- of MinD is coupled to the release of the Min proteins
from the polar zone. It has been suggested that the ATP-tion reaction led to formation of a linear MinD polymer,
there would be enough MinD to form 15 parallel linear bound form of MinD is the species that assembles into
the polar zone (Hu and Lutkenhaus, 2001). In this view,polymers that extended from the pole to midcell, each
polymer being approximately 0.005 m wide. the later release of MinD would be triggered by MinE
activation of the MinD ATPase activity, converting MinD-Model 2. In this model, the polar zone is not formed by
self-association of MinD molecules. Instead, the initial ATP to MinD-ADP. The MinD-ADP is predicated to have
low affinity for the polar membrane and (if the MinD self-interaction of MinD with the polar membrane activates
a membrane component that converts the membrane association model [Model 1] is correct) for other MinD
molecules within the polar zone. This would explain theat the end of the cell to a state of high affinity for
MinD(C,E). For example, the activation step could open release of MinD from the polar zone. An obvious ques-
tion that has not yet been answered concerns the effectan ion channel, leading to a change in the local submem-
branous environment, thereby increasing the affinity of on polar zone assembly and oscillation of minD muta-
tions that inactivate the ATPase activity without interfer-MinD for the “activated” membrane. Propagation of the
activated state over the proximal half of the cell would ing with ATP binding.
The disassembly process begins near midcell andlead directly to formation of the MinD polar zone. The
polar zone would not be an ordered MinD-MinD struc- then progresses to the end of the cell. Therefore, the
MinD molecules that initiated polar zone formation byture but rather a random congregation of MinD mole-
cules that are preferentially associated with the polar binding to a polar nucleation site would be the last to
be released from the membrane (Figures 1i and 1l). Asmembrane.
Formation of the E-Ring a result, the nucleation site would be unavailable until
most of the MinD molecules had been released to initiateThe E-ring seems always to be associated with the me-
dial edge of the polar zone. This suggests that the E-ring a new polar zone at the opposite end of the cell. This
could explain why polar zone assembly alternates be-might assemble spontaneously onto the free edge of
the polar zone. However, because the E-ring first ap- tween the two ends of the cell.
If MinD-ATP functions in polar zone assembly by acti-pears near midcell, whereas MinD polar zone assembly
appears to begin at the cell pole and then extend pro- vating a membrane target (Model 2), rather than promot-
ing the self-assembly of MinD (Model 1), the later trig-gressively to midcell, a mechanism would be needed to
prevent E-ring assembly until the polar zone reached gering of the MinD ATPase would be expected to reverse
the activation, leading to loss of the high affinity stateits full extent. It is also possible that the E-ring assem-
bles near midcell due to other cues, and acts as a stop of the membrane and the subsequent release of MinD
and the other Min proteins. The deactivated membranesignal to prevent extension of the growing polar zone
into the opposite half of the cell. component would then have to further relax to its original
ground state before being accessible to reactivation.Disassembly of Polar Zones
The rate of MinD oscillation increases when the MinE The time required for the relaxation phase would provide
a refractory period during which Min proteins would notconcentration is elevated, due to a shortening of the
“dwell” time of MinD within the polar zone (Raskin and rebind to the membrane at the same end of the cell.
Further work will be needed to discriminate betweende Boer, 1999b). This suggests that MinE may play a
direct role in release of MinD and the consequent disas- these and other possible models.
Final Commentssembly of the polar zone. The observation that MinE
activates the MinD ATPase suggests a plausible mecha- The MinCDE system deals with the general problem of
how a cell can identify its midpoint. The problem isnism for these observations and for the oscillation phe-
nomenon, based on the assumption that the MinD solved by using the two poles as points of reference
since they are equidistant from midcell. A simple wayATPase activity is causally linked to the disassembly
process (Hu and Lutkenhaus, 2001). to use the poles as measuring devices would be to
elaborate a septation inhibitor at each pole. DivisionIn this view, the release of MinD from the polar zone
is triggered by activation of the MinD ATPase by the site assembly would be triggered at midcell when the
concentration of the division inhibitor fell below the mini-MinE ring. This may be an important function of the
E-ring since the ring is located at the medial edge of mum needed to prevent division site assembly (Cook
and Rothfield, 1999). This mechanism may play a rolethe polar zone, where disassembly appears to take place.
Consistent with this idea, MinE mutants that show a in organisms such as B. subtilis, where MinCD appears
to be simultaneously present at both poles (Marstonpartial loss of ability to stimulate the MinD ATPase show
a decreased rate of oscillation (Hu and Lutkenhaus, and Errington, 1999).
Instead, the E. coli MinCDE system uses a more com-2001). However, MinD polar zones can assemble and
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plicated solution, still based on elaboration of an inhibi-
tor from the ends of the cell, but relying on rapid pole-
to-pole oscillation to restrict septation to midcell. This
represents a unique means of establishing differentiated
sites at specific locations, not by anchoring a permanent
marker at the desired site but rather by using a time-
averaged occupancy scheme to achieve the desired
result. It will be of interest to see whether the rapid
alternating change of state of the cell poles plays any
other role in cell function or whether any eukaryotic
organisms use the same strategy to ensure the correct
placement of the division site.
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Endnote
Number of MinD molecules required to form a coherent monolayer
(N) was calculated from N  A/M, where M  footprint of a MinD
monomer (2.6  108 nm2 (derived from Hayashi et al., 2001)) and
A is the area of the inner surface of the cytoplasmic membrane in
1/2 of the cell (1/2 cell length, 1–1.5m; cell width, 0.6m; periplasm,
0.05 m).
